This prospective study comprised 30 patients (26 males, mean age = 55±16 years) referred for ablation of either atrial or ventricular
E ntrainment pacing not only allows the mechanism of an arrhythmia to be established but also facilitates recognition of the components of the re-entrant circuit. [1] [2] [3] [4] [5] [6] [7] [8] The difference between the postpacing interval (PPI) and tachycardia cycle length (TCL; PPI−TCL) is an important entrainment response used to localize the mapping catheter in relation to the tachycardia circuit. 5, 6, 8 Sites at which concealed entrainment together with a small difference between PPI and TCL (<30 ms) are observed are considered to be the isthmus of a tachycardia circuit. 5, 6, 8 Because of the nonlinear restitution properties of myocardium, stimulation performed during ongoing tachycardia may induce changes in the effective refractory period (ERP), action potential duration (APD), and the conduction velocity (CV), [9] [10] [11] [12] [13] [14] which in turn may evoke temporary oscillations (alternans) in the TCL, resulting in variability of PPI−TCL. Based on experimental studies by Franz et al 9 and Cao et al, 13 we hypothesized that for shorter TCL it is more probable to have CL close to the ERP, so for shorter TCL we expect larger variations in the PPI.
Clinical Perspective on p 504
As targets for radiofrequency ablation are often identified on the basis of the PPI−TCL, 5, 6 the information as to whether this parameter is variable and to what extent may be useful from a clinical point of view. The aim of this study was to assess the entrainment mapping response repeatability evaluated during consecutive stimulations from the same site in re-entrant circuits and to determine whether TCL influences the repeatability of PPI−TCL. To our knowledge, this has not yet been determined. To test this hypothesis, we studied 2 systems of macro-reentrant tachycardias: (1) clinical study of 30 patients undergoing radiofrequency ablation of atrial and ventricular re-entrant arrhythmias and (2) computer simulations in a 2-dimensional model of a re-entrant circuit. The simulation was performed to obtain an insight into the processes leading to variations of PPI−TCL. The re-entrant circuit was formed around a single anatomic obstacle because the more detailed model of defined re-entry circuit channel was not necessary for variations of PPI−TCL to occur. macro-reentrant tachyarrhythmias. The clinical characteristics of all the patients, including antiarrhythmic therapy, are presented in Table I in the Data Supplement. Each patient provided written informed consent to the study protocol, which had been approved by the Institutional Ethics Committee.
Electrophysiology Study
Diagnostic and ablation catheters were inserted via femoral vessels. Intracardiac bipolar electrograms together with 12-lead ECG were digitally recorded at 1000 Hz on the electrophysiology workstation (EPMed Systems, NJ, USA). Intracardiac signals were filtered at a bandpass of 30 to 500 Hz. Tachycardias were considered to be re-entrant on the basis of activation mapping covering >75% of TCL and the demonstration of one of the criteria for transient entrainment. Criteria 1 and 4 for transient entrainment were most commonly observed. [1] [2] [3] [4] [5] [6] Only regular tachycardias, with the CL interval variability ≤5 ms, were included into the analysis. Bipolar stimulations were performed with a programmable stimulator (EPMed Systems, Model EP-3/EP-4) at a 2 ms pulse width and at twice the diastolic threshold. Cases with the high output (>12 mA/2 ms) were not included in the analysis to avoid the effect of large virtual electrode.
To evaluate postpacing interval, entrainment pacing was performed with drive trains of 15 to 20 beats at a cycle length of 20 to 40 ms (28±7) ms shorter than TCL. At all sites, entrainment pacing was performed twice, separated by a 30-second intertrain pause. TCL was calculated as the mean of 10 consecutive cycles immediately before the onset of pacing. The analysis included only those episodes where no change in TCL or morphology occurred during both repeated stimulations from a given site.
PPI was only measured if more than 5 of the last arrhythmia cycles during pacing train were captured and accelerated to the PCL. The first PPI was considered to be the interval between the last stimulus artifact of the pacing train and the peak of the first rapid deflection of the first nonstimulated beat. All intervals were measured by the same observer. To avoid bias, for a given patient, initially all first PPI−TCL differences were assessed at each of the sites tested, followed by all second PPI−TCL evaluations at the same sites. For the current analysis, sites were considered to be in circuit if PPI−TCL≤30 ms. 8 All the episodes in which we could suspect, that recorded signal is not a local potential, were not taken into analysis. 15 
Simulation
We performed an ensemble of simulations of macro-reentrant tachycardia entrainment. We used a 2-dimensional model of a myocyte sheet composed of 100×100 computational cells coupled diffusively at the interfaces. The Fenton-Karma (FK) 3V 16 model was used to simulate cardiac action potential kinetics and will be referred to as the FK model. Tachycardia was formed by re-entrant activation around a central obstacle, the geometry of which was kept constant throughout all simulations ( Figure 1A ). Recording and pacing electrodes were positioned as in Figure 1A .
We chose 5 parameter sets of Fenton-Karma cell action potential kinetics model to cover the range of APD, which occur in normal individuals as well as in patients with chronic arrhythmia. 9, [17] [18] [19] The restitution curves are presented in Figure 1B . The parameters and implementation of the model are discussed in Data Supplement.
Overall, repeated assessments of PPI−TCL were performed 447 times for 40 different parameter sets. In each simulation, pacing to evaluate entrainment response using drive trains of 15 to 20 beats at a cycle length 20 ms shorter than TCL was performed. For each consecutive pair of PPI−TCL measurements, their difference and absolute difference were calculated. To include errors of time interval estimation that occur in the clinic, a randomized uniformly distributed error from the range (−2.5 ms, 2.5 ms) was added to each TCL value.
Statistical Analysis
The results of the clinical study and simulation are presented in Figures 2 and 3 . The agreement between consecutive assessments of the PPI−TCL at a given site in clinical trial was assessed by means of the kappa coefficient (κ), and the Bland-Altman test, which estimates the mean difference and 95% Limits of Agreement (mean±1.96 SD) of repeated measurements. 20 The correlation between the results obtained during repeated measurements was evaluated by Pearsons correlation coefficient (r). A P value of <0.05 was considered significant. Statistical analyses were performed using Statistica 5.0 (StatSoft Inc., Tulsa, USA) and OriginPro 8 (OriginLab Ltd. Northampton, USA). . Restitution curves were modified by varying the τ R parameter of the FK model 16 . The parameter sets were chosen so as to cover the range of restitution curves that can be obtained during measurements in patients with chronic and paroxysmal arrhythmias. [17] [18] [19] 
Results

Clinical Study Results
The results of the clinical study are presented in Figure 2 .
Overall, repeated assessments of PPI−TCL were performed at 124 sites in 38 different re-entrant circuits (25 sites in 7 ventricular tachycardia [VT] circuits, 51 sites in 12 macroreentrant atrial tachycardia circuits, and 46 sites in 19 atrial flutter circuits). The TCL range in the group studied was 210 to 519 ms. Based on the first assessment of PPI−TCL, 62 of 124 sites (51%) were classified to be in circuit using the gold standard PPI−TCL≤30 ms 8 ; 11 in VT, 18 in macro-reentrant atrial tachycardia, and 33 in AFL circuits.
In the case of tachycardias with a cycle length below 350 ms, the mean absolute difference between repeated measurements of PPI−TCL was 7.47 ms with SD=6.01 ms.
In the case of tachycardias with a cycle length above 350 ms, the mean absolute difference between repeated measurements of PPI−TCL was 4.44 ms with SD=4.04 ms.
When all evaluated pacing sites were included into the analysis, the agreement between repeated measurements was high, with the mean difference of 0.2±9.8 ms for nonabsolute values; r=0.98. When the results obtained were classified as categorical variables (first category: PPI−TCL≤30 ms; second category: PPI−TCL>30 ms), in only 4 out of 124 (3.4%) cases there was a discrepancy between repeated measurements about the position of the site in relation to the tachycardia circuit (in or out of circuit), and the kappa coefficient was 0.93. There was no clinically significant difference in the extent of repeatability of PPI−TCL irrespective of the type of analyzed arrhythmia (VT versus macro-reentrant atrial tachycardia versus AFL). The mean value of the absolute difference of |(PPI−TCL) n −(PPI−TCL) n+1 | for VT was lower than for other arrhythmias because the mean value of TCL for the VT patients was higher. There was no difference either when sites in circuit and out of circuit were compared or whether antiarrhythmic drugs were used or not. Detailed study results are presented in Tables 1 and 2 and in Figure 2 .
Simulation Results
The results of the simulation study are presented in Figure 3 . There was no difference when sites in circuit and out of circuit The following information is provided for each box: double standard deviation above and below the mean of the data (whiskers), the lower and upper quartile (box ranges), the median (middle box line), and the mean (black diamond). Because only 3 measurements were made for tachycardia cycle lengths longer than 500 ms, the last box is colored gray to indicate low statistics. In the case of tachycardias with cycle length below 350 ms, the observed variability of PPI−TCL was nearly twice as high (total mean value below 350 ms:7.47 ms) compared with tachycardias with a cycle length of ≥350 ms (total mean value above 350 ms:4.44 ms). (B, inset) Scatterplot of the differences between repeated assessments of PPI−TCL plotted against the average of these assessments for the Bland-Altmann statistical test. The solid line indicates the mean difference between repeated assessments of PPI−TCL. The dashed lines indicate the 95% Limits of Agreement of the results.
were compared. In the case of fast tachycardias (TCL<350 ms), the observed PPI−TCL variability was higher compared with slow tachycardias (TCL≥350 ms). In the case of tachycardias with a cycle length below 350 ms, the observed variability of PPI−TCL was nearly twice as high (mean value below 350 ms: 4.59 ms) compared with tachycardias with a cycle length of ≥350 ms (mean value above 350 ms: 2.61 ms). See also Table 2 .
To investigate the mechanisms underlying the oscillations of the PPI, we calculated the APD restitution and conduction time properties of the used ensemble of FK models. An analysis of the influence of the restitution properties of the tissue on PPI measurements is provided in the Discussion section. To study the source of variability of the PPI obtained in the simulation, we investigated membrane potential maps and the time intervals between activations at the recording sites remote from the pacing site during the simulated entrainment. One recording electrode was placed within the circuit, one out of the circuit, in anterogradely activated area ( Figure 1A) . The simulation showed that PPI oscillations resulted from the intrinsic oscillations of the time of propagation in the entrained re-entrant circuit, which in turn were determined by the oscillations of the ERP and of the CV, as visible in Figure 4 . Two representative examples of PPI measurement are shown in Figure 5 . However, if the simulation was run with a fixed coupling interval and a constant number of stimuli, the result would not contain any PPI oscillations, regardless of the oscillations of the time of propagation in the circuit. This must be kept in mind, despite the fact that in clinical practice it is difficult to achieve a stable value of coupling intervals of first stimulus.
To assess the amplitude of ERP oscillations, we analyzed the APD and CV as a function of the pacing cycle in the simulated myocardial tissue. We chose the APD as a good estimate of ERP because the ratio between APD and ERP is independent of the TCL. 21 The observed oscillations in the duration of the action potentials lead to an interval-dependent changes in the CV (Figure 6 ). Our results, as well as those of previous studies, show that the faster the rate of overdrive pacing, the greater the likelihood of the stimulation wavefront encroaching on the trailing edge of refractoriness. This may result in oscillations in the CV causing variability in the return cycle length after the termination of pacing (compare with Stevenson et al, 5 Aizawa et al, 22 Callans et al 23 ).
Discussion
This study demonstrates a high repeatability of the PPI−TCL assessed during repeated overdrive stimulations, with the variability of this parameter of ≈20 ms. The variability was approximately twice lower in the case of slow (TCL≥350 ms) tachycardias.
Ninety-five percent of the first and second assessments in the clinical measurements differed from one another by Limits of Agreement=19.6 ms. Arenal et al 24 assessed the variability of the first PPI during right ventricular pacing to differentiate between ventricular and supraventricular tachycardias in patients with implantable cardioverter-defibrillators. In their study, they analyzed 23 relatively slow VTs (mean TCL, 366±50 ms) and demonstrated that the difference between 2 PPI measurements was below 10 and 20 ms in 90% and 100% of the measurements, respectively, which is comparable to our results. Vollman et al 25 found that repeated PPI measurements with a constant PCL from 1 single site in the mid cavotricuspid isthmus (CTI) during CTI-dependent right atrial flutter demonstrated high reproducibility at single sites for 17 patients (SD=3±2 ms). They also report a long PPI on entrainment of typical atrial flutter from the CTI is common and because of delayed conduction with entrainment.
It may seem that a difference of 20 ms can be considered negligible; however, the discrepancy of such magnitude may give results for first PPI−TCL assessment below and for the second above the cutoff value of 30 ms. In our study, such a situation occurred in 4 out of 124 clinical cases, which gave the kappa coefficient of 0.93.
The mean value of variability of PPI−TCL in the simulations is smaller than in the results of the clinical study. This may be because of the simplicity of the generic model used BEAT NUMBER BEAT NUMBER Figure 1 . Activation times were measured at the pacing electrode (position 1 in Figure 1 ) and at the 2 recording electrodes placed as in Figure 1 . Small TCL oscillations of amplitude below 2 ms were present before entrainment. Three entrainment pacing drive trains of 15 beats are visible on the graph. No oscillations of cycle length were recorded on the pacing electrode during entrainment, as the pacing cycle is fixed. After 3-5 paced beats, the re-entrant wave becomes fully entrained. Oscillations of activation times measured on recording electrodes placed in circuit and out of circuit are visible. In each entrainment pulse train, the oscillations have a different morphology, and in none of them a steady state is reached before entrainment has ended. This leads to 3 different values of PPI for the same tachycardia circuit. (B) A tachycardia with a CL of around 240 ms was initiated in the myocardial sheet presented in Figure 1 . Activation times were recorded at the pacing electrode and at 2 recording electrodes placed as in Figure 1 . One entrainment pacing train of 45 pulses is visible in the graphs. After 6 initial paced beats the re-entrant wave becomes fully entrained. A steady state of oscillations is observed at both recording electrodes; however, the oscillation amplitude at the electrodes is different and a different steady state is reached.
to obtain the set of simulation results. Still, in the case of tachycardias with a cycle length below 350 ms, the observed variability of PPI−TCL was nearly twice as high as compared with tachycardias with a cycle length of ≥350 ms. The effect of PPI oscillations was obtained in the model without defining a fixed re-entry circuit channel. The reentrant circuit was formed around a single anatomic obstacle, as presented in Figure 1 . The model of fixed, anatomically defined re-entry channel was not necessary for variations of PPI−TCL to occur in simulation.
Limitations of the Study
Apart from the oscillations of the TCL, the difference between repeated measurements may result from an error made by the observer. This source of an error is at least partially explained by the inherent difficulty in establishing which features of the electrograms represent actual local activation. Resetting response curves were not systematically assessed in all the circuits studied. Because that would have required multiple stimulations from the same site, we did not test whether and to what extent the changes of the CL of the overdrive pacing shorter than the TCL by 20 to 40 ms affected the variability of PPI−TCL.
During every attempt at entrainment, we paid attention to factors such as concealed fusion on surface and intracardiac electrograms. However, we kept in mind that concealed fusion might also be observed when pacing from the bystander attached to the common tachycardia pathway. That is why the PPI−TCL difference was the main criterion on which we focused our study.
Because the PPI measurements were done in the clinical setting before ablation, and most of the patients treated had chronic or persistent arrhythmia, ERP assessment was not conducted systematically in the studied group prior to the PPI measurements.
In the assessment of the entrainment response, it is assumed that overdrive pacing does not change either the CV or the reentrant pathway.
The bipolar pacing or the instability of the contact of the catheter can influence the PPI values; however, we can assume that such influence will be similar for all the patients and all TCL values.
Using more complete ion-channel models than the Fenton-Karma model would certainly be more exact. However, it would require exact anatomic information and knowledge of the exact values of the ion-channel parameters for each patient individually. Because neither information is available, a generic model was created. Such a choice also made the simulations less computationally demanding.
Clinical Implications
PPI−TCL is characterized by a high repeatability with the differences between the results for individual patients ≤20 ms. The variability of this parameter is significantly lower in the case of slow tachycardias. Our study results emphasize the need for using long CL (eg, TCL-10 ms) during entrainment pacing in fast tachycardias (TCL<350 ms) to increase the accuracy of method. In doubtful situations, repeated assessment of PPI−TCL is suggested.
Conclusions
The difference between PPI and TCL is a highly repeatable result. The dispersion of PPI−TCL for individual result is around 20 ms. The variability of PPI−TCL is significantly lower in the case of slow tachycardias. Our simulations demonstrated and explained an increased variability of PPI−TCL observed in the case of fast tachycardias, when pacing cycles may be close to the ERP of the myocardium during the entrainment maneuvers.
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